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Background Endothelium-dependent vasodilation in response to acetylcholine (ACh) and ischemic vasodilation during reactive hyperemia are attenuated in the forearm of patients with heart failure (HF). It has been shown that L-arginine augments endothelium-dependent vasodilation in healthy subjects. Thus, the aim of the present study was to determine if L-arginine improves endothelium-dependent and ischemic vasodilation in the forearm in HF.
Methods and Results Forearm blood flow was measured by a strain-gauge plethysmograph in 20 patients with HF and in 24 age-matched control subjects (C). Resting forearm vascular resistance (FVR) was significantly higher in HF than in C (37±4 versus 22±2 U, P<.01). Intra-arterial infusions of ACh or sodium nitroprusside (SNP) at graded doses progressively decreased FVR in HF as well as in C. The magnitude of It has been shown that ischemia-and exerciseinduced vasodilation of the extremities of patients with heart failure is markedly attenuated.1"2 It is likely that decreased exercise tolerance in patients with heart failure is due not only to impaired pump function of the heart but also to inadequate increases in muscle blood flow resulting from impaired vasodilation during exercise.12 The mechanism(s) of impaired ischemiaand exercise-induced vasodilation in heart failure are not known. It also has been shown in humans3-6 as well as in animals7-9 that endothelium-dependent vasodilation evoked with acetylcholine is impaired in heart failure. Thus, it is possible that endothelial dysfunction may contribute to impaired vasodilation during exercise or ischemia in patients with heart failure.
L-Arginine is a precursor of endothelium-derived nitric oxide.'0"' L-Arginine augments acetylcholine-induced vasodilation in hypercholesterolemic humans12 and animals.13-'5 It was reported in healthy humans that intravenously infused L-arginine decreased blood pressure'6 and that intra-arterially infused L-arginine dilated forearm blood vessels and augmented acetylcholineinduced vasodilation.'7"18 These results suggest that supplementation of L-arginine facilitates production of nitric oxide and augments endothelium-dependent vasodilation.
The aim of the present study was to examine whether intra-arterially infused L-arginine augments endothelium-dependent vasodilation to acetylcholine and ischemic vasodilation during reactive hyperemia in the forearm of patients with heart failure. If L-arginine augments ischemic vasodilation as well as endotheliumdependent vasodilation, such results would suggest the possibility that defective endothelial function may contribute to impaired ischemic vasodilator capacity in patients with heart failure.
Methods Subjects
Twenty patients with heart failure (14 men and 6 women) and 24 control subjects (20 men and 4 women) were studied. The ages of the patients with heart failure were 37 to 74 years with a mean of 57±3 years, and ages of healthy subjects were 36 to 71 years with a mean of 52±2 years (P=NS). The clinical profiles of patients with heart failure are summarized in Table  1 . The underlying heart disease was dilated cardiomyopathy in 11 patients and valvular heart disease in 9 patients. All patients had several signs and symptoms suggestive of congestive heart failure on admission, such as dyspnea on exertion, orthopnea, fatigue, nocturia, rales, congestion in the lungs as assessed by chest roentgenography, pleural effusion, liver congestion, or pedal edema. New York Heart Association functional classification shown in Table 1 was that on admission. Some patients underwent cardiac catheterization when they were stable. Six patients with mitral regurgitation had somewhat better ejection fraction as assessed by echocardiography than did patients with dilated cardiomyopathy. However, all patients with mitral regurgitation had elevated pul- 
Forearm Vascular Responses to Drugs
We examined forearm vasodilator responses to intra-arterial infusion of acetylcholine (n=18 for heart failure patients and n=18 for control subjects) or sodium nitroprusside (n=15 for heart failure patients and n= 18 for control subjects) at graded doses. Acetylcholine (4, 8, 16 , and 22 ,g/min) or sodium nitroprusside (0.2, 0.4, 0.8, 1.2, and 1.6 ,ug/min) was infused intra-arterially for 2 minutes at each dose. The dose of drug infusion was altered by changing infusion volume. The maximal infusion volume for the maximal dose of acetylcholine or sodium nitroprusside was 0.8 mL/min. We have previously shown that infusion of saline at 0.6 mL/min did not affect forearm blood flow. 24 The order of acetylcholine and sodium nitroprusside infusion was alternated. Infusion of the second drug was begun after forearm blood flow had returned to the baseline level. Forearm blood flow was measured continuously at a 15-second interval in the ispilateral arm during drug infusion. Because forearm blood flow reached the steady state by 1 minute after starting infusion of each drug, we used the last 1-minute measurements during drug infusion of each dose for later analysis.
Protocols
After the placement of cannulas and a strain-gauge plethysmograph, at least 15 minutes were allowed for subjects to become accustomed to the study conditions before the experiments were begun. Forearm blood flow, arterial pressure, and heart rate were measured at rest and during graded doses of acetylcholine or sodium nitroprusside. After recovery, the forearm blood flow measurements during reactive hyperemia following 10 minutes of arterial occlusion were obtained in 12 control subjects and 12 patients with heart failure. After forearm blood flow had returned to the baseline level, L-arginine was infused into the brachial artery at 10 mg/min (0.1 mL/min) for 5 minutes, and then acetylcholine or sodium nitroprusside was infused in the same way as before L-arginine while L-arginine was infused simultaneously and continuously. During arterial occlusion by a cuff on the upper arm for reactive hyperemia, L-arginine was continuously infused at 10 mg/min. After the release of occlusion, reactive hyperemic flows were recorded in the same way as before infusion of L-arginine. L-Arginine at 10 mg/min was chosen because this dose does not alter baseline forearm blood flow but augments vasodilator responses to acetylcholine.17 In three patients with heart failure, reactive hyperemic responses before and during simultaneous infusion of D-arginine (10 mg/min) were examined. We reported previously that D-arginine did not augment Control HF acetylcholine-induced forearm vasodilation. 17 In some patients, the reactive hyperemia study was done without studies with acetylcholine and sodium nitroprusside.
Measurements of Plasma Levels of Renin, Norepinephrine, and Atrial Natriuretic Peptide Before experiments, we sampled venous blood from the contralateral arm for measurements of plasma renin activity, norepinephrine, and atrial natriuretic peptide concentrations. Venous blood was sampled into the tube containing EDTA2Na (1 mg/mL) and promptly chilled in an ice bath. After plasma was removed, aliquots of the plasma sample were stored at -20°C until use. Plasma renin activity and atrial natriuretic peptide concentration were determined by radioimmunoassay (RIA). Plasma 
Results

Baseline Hemodynamics and Hormonal Values
Baseline hemodynamic values are shown in Table 2 . Mean blood pressure at rest did not significantly differ between patients with heart failure and control subjects. Heart rate at rest was significantly higher (P<.05) in patients with heart failure than in control subjects. Forearm blood flow at rest was smaller (P<.01) and forearm vascular resistance at rest was greater (P<.01) in patients with heart failure than in control subjects.
Plasma renin activity (5.5 +±1.1 versus 1.7±0.6 ng/mL per hour), norepinephrine concentration (0.51±0.11 versus 0.15+±0.02 ng/mL) and atrial natriuretic peptide concentration (142±30 versus 38±3 pg/mL) in patients with heart failure (n=9) were significantly higher than in control subjects (n=8) (P<.01 for each). Forearm Responses to Drugs and After 10 Minutes of Arterial Occlusion Intra-arterial infusions of acetylcholine or sodium nitroprusside did not alter mean blood pressure or heart rate (data not shown). The graded doses of acetylcholine and sodium nitroprusside caused progressive increases in forearm blood flow (P<.01) in control subjects and patients with heart failure (Fig 2) . The magnitudes of increases in forearm blood flow in response to acetylcholine were less in patients with heart failure than in control subjects (P<.01). However, the magnitudes of increases in forearm blood flow in response to sodium nitroprusside did not differ between the two groups. Fig 3 shows percent decreases in forearm vascular resistance during infusions of acetylcholine and sodium nitroprusside at graded doses in the two groups. In patients with heart failure, the percent decreases in forearm vascular resistance during graded infusions of acetylcholine were attenuated (P<.01) compared with those in control subjects. However, the percent decreases in forearm vascular resistance during graded infusions of sodium nitroprusside did not differ between the two groups.
Time courses of reactive hyperemic flow and vascular resistance in control subjects and patients with heart failure are shown in Fig 4. Maximal forearm blood flow during peak reactive hyperemia following release of 10 minutes of arterial occlusion was significantly lower in patients with heart failure (n= 12) than in control subjects (n=12) (30±3 versus 43±3 mL/min per 100 mL, P<.01). Minimal forearm vascular resistance during peak reactive hyperemia was significantly higher in patients with heart failure than in control subjects (3.2±0.4 versus 2.1±0.1 U, P<.05). To examine the correlation between the degree of endothelial dysfunction assessed by acetylcholine and the degree of reactive hyperemia impairment, we plotted the maximal flow responses to acetylcholine against those during reactive hyperemia in Fig 5. There was a weak but significant (P<.05) correlation between them.
Effects of L-Arinine
Infusion of L-arginine at the dose used in this study did not alter forearm blood flow, arterial pressure, or heart rate in control subjects or patients with heart failure (Table 3) . Figs 6 and 7 show forearm vascular responses to infusion of acetylcholine and sodium nitroprusside in control subjects (Fig 6) and patients with heart failure (Fig 7) before and after L-arginine. In control subjects, pretreatment with L-arginine significantly augmented acetylcholine-induced vasodilation at the lower doses but not at the higher doses, whereas in patients with heart failure, pretreatment with L-arginine augmented acetylcholine-induced vasodilation not only at the lower doses but also at the higher doses. Thus, pretreatment with L-arginine augmented acetylcholineinduced maximal vasodilation only in patients with heart failure. Pretreatment with L-arginine did not alter responses of forearm vascular resistance to sodium nitroprusside in control subjects or in patients with heart failure. Pretreatment with L-arginine did not affect the maximal reactive hyperemic flow or minimal forearm vascular resistance (Fig 8) in control subjects. Pretreatment with L-arginine augmented maximal reactive hyperemic flow (Figs 9 and 10) and decreased minimal forearm vascular resistance (P<.01) (Fig 10) in patients with Infusion rate of ACh (kg/min) heart failure. Pretreatment with D-arginine did not change heart rate, arterial pressure, forearm blood flow, or forearm vascular resistance at rest and reactive hyperemic responses in patients with heart failure (data not shown).
Discussion
Major study findings are that endothelium-dependent forearm vasodilation to acetylcholine was impaired but endothelium-independent vasodilation to sodium nitroprusside was not altered in patients with heart failure and that pretreatment with L-arginine (a precursor of endothelium-derived nitric oxide) improved the magnitude of maximal vasodilation induced by acetylcholine and vasodilation during peak reactive hyperemia only in patients with heart failure. These findings suggest that decreased maximal vasodilation to ischemic stimuli in Previous studies have demonstrated that acetylcholine-induced vasodilation is impaired in heart failure in animals7-9 as well as humans. [3] [4] [5] [6] In this study, we also demonstrated that the magnitude of forearm vasodilation evoked with acetylcholine was much less in patients with heart failure than in control subjects, whereas the magnitude of forearm vasodilation evoked with sodium nitroprusside (an endothelium-independent vasodilator) was comparable between the two groups. Although one patient had isolated systolic hypertension due to aortic regurgitation and two had mild degree of diabetes mellitus, forearm blood flow responses to acetylcholine were still abnormal when these three patients were excluded (data not shown). Thus, the present and previous studies suggest that endothelium-dependent vasodilation evoked with acetylcholine is impaired in patients with heart failure. Several mechanisms have been considered to account for attenuated forearm vasodilation evoked with acetylcholine in patients with heart failure, which include defective release of nitric oxide from the endothelium, reduced responsiveness of vascular smooth muscle to nitric oxide, and facilitated breakdown of nitric oxide. As was discussed by previous investigators,3-6 reduced responsiveness of vascular smooth muscle to nitric oxide was not likely since the magnitude of vasodilation evoked with sodium nitroprusside was comparable between patients with heart failure and control subjects. Facilitated breakdown of nitric oxide in heart failure is also unlikely, since we have previously shown that endothelium-dependent vasodilation to substance P did not differ between patients with heart failure and control subjects. 4 We examined the possibility of defective release of nitric oxide by studying the effects of L-arginine supplementation on acetylcholine-induced forearm vasodilation.
L-Arginine is a precursor of endothelium-derived nitric oxide.10,11 Recently, we17 and Panza et al18 showed that pretreatment with L-arginine augmented acetylcholine-induced vasodilation but did not alter sodium nitroprusside-induced vasodilation in the forearm of healthy humans. We also showed that higher doses of L-arginine caused vasodilation.17 D-Arginine did not have such effects.17'8 Thus, it appears that supplementation of L-arginine facilitates production of nitric oxide in the forearm of healthy humans. This study further demonstrated that supplementation of L-arginine augmented acetylcholine-induced vasodilation in patients with heart failure as well as in control subjects. Of note is that supplementation of L-arginine augmented vasodilation evoked with acetylcholine at the higher doses in patients with heart failure but not in control subjects. The reason for the difference in these results is not known, but we consider that in control subjects, maximal endothelium-dependent vasodilation that could be evoked with acetylcholine had been achieved in control subjects so that supplementation of L-arginine did not further augment vasodilation to acetylcholine at the higher doses in control subjects. Nevertheless, supplementation of L-arginine augmented vasodilation to ace- Values are not different before and after L-arginine in either control subjects or patients with heart failure.
tylcholine at the higher doses in patients with heart failure, and maximal vasodilation evoked with acetylcholine after L-arginine supplementation was comparable between patients with heart failure and control subjects. These results suggest that the decreased vasodilation to acetylcholine at the higher doses in patients with heart failure was most likely due to defective release of nitric oxide from the endothelium.
Because venous pressure is high and there may be organic changes in the arteriole such as the increase in 8 40 I id, sodium and water content in vessel walls in patients with heart failure, these mechanical factors could have been responsible for attenuated forearm vasodilation to acetylcholine in patients with heart failure. However, the vasodilator responses to sodium nitroprusside were comparable between the two groups, and supplementation of L-arginine caused further acetylcholine-induced vasodilation in patients with heart failure. Moreover, the magnitudes of maximal vasodilation evoked with acetylcholine after L-arginine did not differ between the -*-Os--r. L-wgbit. 0m15) Previous studies suggest that arterial occlusion for 10 minutes is the most potent vasodilator stimulus that can be applied to the study in human forearm.1"2829 It was previously shown that adding repetitive handgrip exercise to 10 minutes of ischemia did not further lower minimal forearm vascular resistance compared with that following 10 minutes of arterial occlusion alone and that infusion of vasoconstrictor drugs or reflex sympathetic stimulation did not limit peak reactive hyperemic flow following 10 minutes of arterial occlusion.1"21,23,30 Thus, we applied 10 minutes of arterial occlusion to examine vasodilator capacity in our patients with heart failure and control subjects.
In this study, the peak forearm blood flow during reactive hyperemia following 10 minutes of arterial occlusion was significantly less and the minimal forearm vascular resistance was significantly higher in patients with heart failure than in control subjects. Our findings are consistent with those by Zelis et al,12 who showed that maximal vasodilation during reactive hyperemia was reduced in patients with heart failure and suggest that patients with heart failure have impaired ischemic vasodilator mechanisms. The minimal forearm vascular resistance in control subjects was 2.1 ± 0.1 U, and that in heart failure. Zelis et al1l31 considered that it was due to the increase in the sodium and water content in vessel walls, because diuretic therapy improved the impaired maximal vasodilator capacity in edematous patients with heart failure. However, a mechanism other than sodium and water retention in vessel walls is involved because peak reactive hyperemic flow after diuretic therapy was still 32% below normal.31 Activated neurohumoral factors or increased venous pressure were unlikely to contribute to the decreased ischemic vasodilator capacity in patients with heart failure.1,2 The important and unexpected finding of this study is that pretreatment with L-arginine nearly restored impaired ischemic vasodilation during reactive hyperemia in patients with heart failure, who did not have peripheral edema at the time of study. This finding may suggest that impaired ischemic vasodilation in our patients with heart failure resulted largely from a defect in release of nitric oxide from the endothelium. The significant correlation between the maximal blood flow responses to acetylcholine and peak reactive hyperemic flow (Fig 5) may support this notion.
Recently, it has been demonstrated in coronary32-34 and peripheral circulation35-37 of animals that a nitric oxide synthase inhibitor did not affect peak reactive hyperemic flow. These results may suggest in healthy animals that nitric oxide release may not contribute to peak reactive hyperemia. In this study, peak reactive hyperemic flow was not affected by pretreatment with L-arginine in control subjects. This finding in control subjects accords with those in animals. Thus, supplementation of L-arginine augmented maximal vasodilation evoked with acetylcholine and during reactive hyperemia only in patients with heart failure but not in control subjects.
It has been shown that endothelin is elevated in plasma in patients with heart failure,38'39 which may contribute to control of vasomotion in heart failure. Although it is possible that drugs for heart failure may affect endothelin-dependent vasomotion, it is not likely that drugs for heart failure affected endothelin-dependent vasomotion because no drugs, except digoxin and diuretics, were being taken by the patients at the time of the study.
Clinical Implications
It has been suggested that fatigue in patients with heart failure is in part due to impaired vasodilation in skeletal muscle.2 Our results suggest that defective endothelial function may contribute to impaired vasodilation in skeletal muscle. It is possible that improved endothelium function may lead to the increase in exercise tolerance. It has been shown that angiotensinconverting enzyme inhibitors improve impaired vasodilator capacity and increase exercise tolerance in patients with heart failure.40'41 Furthermore, it has been shown that angiotensin-converting enzyme inhibitors improve impaired endothelial function in hypertensive animals42 as well as humans.43 Thus, it is assumed that the beneficial effects of an angiotensin-converting enzyme inhibitor on skeletal muscle vasodilator capacity and fatigue in patients with heart failure may be secondary to improved endothelial function. However, conclusion should be awaited until L-arginine is shown to improve impaired vasodilator capacity in skeletal muscle during exercise in patients with heart failure.
In summary, our results suggest that impaired forearm vasodilation to ischemic stimuli in patients with heart failure may be in part due to a defect in the release of nitric oxide from the endothelium. 
